The nonpoint source pollution control is in the beginning stage in Taiwan. The techniques of nonpoint source pollution control with Best Management Practices (BMPs) have also been under limited research. The soil and water conservation and environmental laws provide regulations that require the land developer to detain excessive stormwater runoff and sediment resulted from any significant development in the watershed. Most of stormwater quantity and quality controls have been designed at the local or on-site level, but not at the regional or watershed level in a comprehensive and systematic manner. The purpose of this study is to establish an optimization model for the optimal placement of structural Best Management Practices (BMPs) on the watershed scale. The complete model consists of two interacting components; i.e. a reservoir water quality model and an optimization model with genetic algorithms (GAs). This research chooses Fei-Tsui Reservoir and its watershed in northern Taiwan for case study. In the optimization model, the objective function is to minimize the total cost of BMPs and its constraints considering water quality standards for pollutant concentrations in rivers and reservoir. The model developed in the present study can be used as an efficient approach to the implementation of BMPs in the entire watershed to mitigate the impact of stormwater pollution on the receiving water bodies.
Introduction
The purpose of this research is to propose a model to identify the optimal BMPs placement strategy which considers the minimal cost and reservoir water quality standards. Like several related researches, such as Yeh and Labadie (1997) , Behera et al. (1999) , Zhen (2002) , Harrell and Ranjithan (2003) , Kuo et al. (2004) , a procedure of finding pollutant loads from each subbasin and suitable sites for various BMPs is needed. This study uses the similar approach as Kuo et al. (2004) . The Fei-Tsui Reservoir watershed is chosen as an example for this study (as shown in Figure 1 ), so that the stream flow, pollutant loading, BMPs' installing conditions, BMPs cost function and reservoir water quality model are the same as in Kuo et al. 1 (2004) . The Fei-Tsui Reservoir watershed is divided into 14 subbasins; each basin is further divided into 2 to 5 small regions according to their topography and hydrologic characteristics. There are 50 divided regions in the Fei-Tsui Reservoir watershed.
Figure 1. The Fei-Tsui reservoir watershed and distribution of its land use types
An evolutionary search method, the genetic algorithms (GAs) (Goldberg, 1989) , is adopted to develop the optimal strategies for BMPs placement instead of dynamic programming (DP). GAs has proven to be well suited for optimization of specific nonlinear multivariable systems. Several works have been done for detention pond design or watershed pollutant control, including multi-objective genetic algorithms (Yeh and Labadie, 1997) , and genetic algorithms (Vasquez et al., 2000; Harrell and Ranjithan, 2003) . This study uses general steps of GAs optimization. Figure 2 shows the procedure of this study. The process includes encoding, selection, crossover and mutation (Goldberg, 1989) . The standard encoding (binary-coding) method is adopted. A chromosome represents a set of BMPs placement strategy. For a comparative purpose, averaged inflows of storm season and pollutant loads are considered. A seasonal averaged reservoir model (Vollenweider type The less the strategy costs, the more fitness it will have. The higher the fitness probability is, the more chance the chromosome will be selected. Two break points crossover is adopted to generate new offspring. Mutation probability is 10 -3 . Finally, an optimization model is established by visual basic application (VBA). With several tests, we can find the results obtained from GAs in this study and dynamic programming (DP) in Kuo et al. (2004) are near enough. According to former studies (Kuo et al., 1998; Yu et al., 2001) , the annual pollutant loadings in the Fei-Tsui Reservoir watershed can be estimated as shown in Table 1 . We also assume that 70% of these annual pollutant loads will occur during the rainy season from June to October. The discussion of the effectiveness of each kind of BMPs can be found in many experimental researches, such as Kuo et al. (1998) , Yu et al. (2001) and Strecker et al. (2001) . The pollutant removal rates used in this study are shown in Table 2 .
Objective Function and Constraints
The objective function of the optimization framework is to minimize the construction cost of BMPs with water quantity and quality standards being the constraints as shown in the equation below.
where is the cost of BMPs construction; is the cost of operation, maintenance and repair. As described in Kuo et al. (2004) , there are three kinds of BMPs considered in this study; they are detention pond, grass swale and buffer strip. In the Fei-Tsui Reservoir watershed, the pre-selecting procedure has found 23 possible sites for detention ponds. The construction cost function and OMR cost are shown in Table 3 . Because water quality of the reservoir should satisfy the reservoir water quality standard, constraints can be written as:
where and represent the desired total suspended solid (TSS) and total phosphorus (TP) concentrations after BMPs construction. and C are the water quality standards of TSS and TP concentrations, which are shown in Table 4 and 5. 
Seasonal Averaged Reservoir Water Quality Model
After stormwater is treated by BMPs and flows into the reservoir, the pollutants may settle to the bottom and decay due to biochemical reactions in the reservoir. A zero-dimensional reservoir water quality model, Vollenweider type model (Vollenweider, 1976) , is used to simulate the pollutant concentration in the Fei-Tsui Reservoir.
The completely mixing and steady state assumption is made in the seasonal averaged model. The equation can be written as: (Howang and Chen, 2000) .
Genetic Algorithms
Encoding. The standard encoding (binary-coding) method is adopted, because detention pond needs more space than the other two kinds of BMPs. It is important to predefine where we can build detention pond. According to the investigation of land use types and land ownership, the geographic information system (GIS) is a useful tool for identifying which regions can be used to construct detention pond. Predefining the allowable site for structural BMPs in each region helps to rule out 27 regions that do not allow construction of detention pond. Therefore, in order to avoid unnecessary calculation of incorrect selection, crossover and mutation, it is much easier to put the genes of detention ponds in the back of the chromosome. The regions that do not allow construction of detention pond will not be taken into consideration in the chromosome. So a chromosome has 123 (50 3-27) genes and it can be expressed as shown in Figure 3 , where TP1 and TP2 means the first and second small regions of Tai-Pin of the Fei-Tsui Reservoir watershed.
Selection. The initial population is set at random and the number of population is one hundred. Each chromosome represents a set of BMPs placement strategy. In the optimization model, each set will have different pollutant concentration after combining the channel routing and Vollenweider model. If the controlled stormwater has TSS less than 25 mg/l and TP less than 0.02 mg/l in the reservoir, the optimization model will calculate its cost and rank the entire chromosome. The less the strategy costs, the more fitness ) ( i A φ it will have. Then count the fitness probability P i of each chromosome and select the parent chromosome to the matting pool by roulette wheel selection. The higher the fitness probability, the more chance the chromosome will be selected to be the parent of the next generation.
where j=1…n (No. of qualified chromosomes).
Grace swale and buffer strip section detention pond section Crossover and mutation. With a long chromosome, it is difficult to choose the break point for crossover. In this study, two break points crossover is used to change genes on grace swale and buffer strip section and detention pond section, respectively. Furthermore, it is reasonable to set the mutation rate in general from 0.1 to 0.0001. Since mutation itself is a force to get out of local optima and make the solutions more diversified, mutation probabilities of 10 -1 , 10 -3 and 10 -6 are tested in this research.
Optimization Model Results
After the computer program and related setup have been done, the next step is to choose appropriate criteria to test the program. In the beginning, we can set all of the genes to be one; then it is obvious that constructing all of BMPs needs NT$171×10 6 in the Fei-Tsui Reservoir watershed. The optimal placement has 2 123 kinds of possibilities. By trial and error, it is found that the program converges faster in this case if the initial chromosomes were all set at one. Figure 4 demonstrates the convergence of different initial chromosomes. In Figure 4 , all of the cases were tested by 100 initial chromosomes at 10 -3 of mutation rate. In order to compare with Kuo et al. (2004) , we also consider different TP and TSS concentration standards as the constraints. Table 6 shows the results of different water standards. We can find the solutions obtained from GAs in this study and those obtained from dynamic programming (DP) in Kuo et al. (2004) are similar. The computer time is about 9 minutes, which is much faster than DP (20 minutes). Assuming the treatment costs of drinking water for case 1 to 4 are 0.02, 0.1, 0.3 and 0.5 dollars per ton, for a capacity of water treatment plant of 500 10 6 /day, the water treatment costs are shown in the fifth column of Table 6 . Without any BMPs, we need NT$ 250×10 6 to satisfy drinking water quality, which is more expensive than constructing all of BMPs. In this study, case 2 is still the most economic choice (smallest BMPs cost plus water treatment cost). Furthermore, we can find the same solutions if we use the results of DP as one of the initial chromosome. In other words, the results of DP can be a good starting point for GAs. 
Conclusions
This research develops a model with GAs to find the optimal BMPs placement strategy in the Fei-Tsui Reservoir watershed by coupling a seasonal averaged reservoir water quality model. The results show that we can find near optimal solution by using GAs in this study, which is close to that by using DP in Kuo et al. (2004) . In the future, the authors would like to expand our model to be an unsteady, time variable model that couples watershed storm water simulation model, time variable reservoir water quality model and GAs. The parameters and variables will be too complicated to be solved by DP. Hopefully, we can establish a more realistic optimization model to find the optimal BMPs placement strategy for the Fei-Tsui reservoir watershed.
